First of all, let me thank the organizers of this meeting for the honor they have done me in asking me to deliver a special lecture on the discovery of diphenoloxidase of the Hansen bacillus.
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Diphenoloxidase of Mycobacterium leprae was discovered by chance. The story of this discovery has not been reported previously. Diphenoloxidase in M. leprae helps to explain some of the unanswered questions on Hansen's Disease. We were studying the problem of hypopigmentation of skin lesions in leprosy. In tuberculoid cases, the bacteria are found at the margins of the lesions which spread contrifugally. Hypopigmentation accompanies the spreading margins, which suggests that bacterial multiplication is associated with the disturbance of pigmentation.
When frozen sections of normal human skin are incubated in a solution of dopa (3,4-dihydroxyphenylalanine), the layer of pigment cells oxidizes the amino acid and turns dark. The oxidation is mediated by the enzyme diphenoloxidase (tyrosinase) present in the melanocytes. We assumed that M. leprae inhibits this enzyme, causing hypopigmentation of skin lesions. We made frozen sections of hypopigmented skin from tuberculoid cases and incubated the sections in a solution of dopa. The pigment layer of the skin oxidized dopa and turned black just like in normal skin. This observation indicated that the melanocytes in tuberculoid lesions remain functional. That is probably why the healing middle areas of the lesions regain the pigment.
To study whether M. leprae would inhibit oxidation of dopa by the melanocytes, we added suspensions of the bacteria to the tuberculoid as well as the normal skin sections incubated with dopa. Surprisingly, addition of M. leprae to the system greatly accelerated the oxidation Initially, I shall describe some of the properties of diphenoloxidase of M. leprae purified from infected tissues. To detect the enzyme activity, the bacterial preparations should be free of tissue contamination. The slide shows a stained smear of the purified bacterial suspension we use. After separating the bacteria, we wash them with alkali and trypsin to remove hosttissue materials adsorbed on them. Tyrosine or dopa is oxidized to melanin through a sequence of reactions. Of the several intermediates, dopachrome and indole-5, 6-quinone are fairly stable. In this reaction, oxygen is consumed and quinone and water are formed as products.
The reaction can be assayed by measuring the oxygen taken up or the products formed. The oxidation and uptake of dopa by M. leprae are shown in the slide. It can be measured by either the Warburg method or by the platinum electrode technique. There is considerable increase in oxygen uptake in the presence dopa over the endogenous respiration of the bacteria, and there is very little autooxidation of the substrate. The quinone formed in the reaction is determined in a spectrophotometer.
The slide gives the spectra of dopachrome and of indole-5, 6quinone. Dopachrome has a peak around the wavelength 480nm, while indole-5, 6-quinone absorbs maximally at 540nm.
If tritiated dopa is used as substrate, the labelled water produced can be measured in a liquid scintillation counter. When 3H-dopa or 14C-dopa is incubated with M. leprae, the bacteria take up the substrate. Other mycobacteria do not, indicating that, not only the oxidation, but the binding of dopa is also specific for M. leprae.
We have demonstrated diphenoloxidase in leprosy bacteria derived from different sources: human skin nodules, spleen and testes; mouse footpads; armadillo skin nodules, lymph nodes , Since M. leprae multiplies in the skin, it was important to compare the diphenoloxidase of the bacteria with that in the melanocytes.
The results revealed that the bacterial enzyme is different from tyrosinase of vertebrate melanocytes. Diphenoloxidase of microorganisms acts on a variety of substrates, but in mammalian melanocytes, the enzyme is relatively specific for L-dopa or L-tyrosine. As seen in the slide, substrate specificity of the bacterial enzyme is different from that of the melanoma tyrosinase. M. leprae oxidized both D-and L-dopa as also catecholamines, whereas melanocytes oxidized only L-dopa.
Several species of other mycobacteria were screened for diphenoloxidase.
A few of the organisms tested are shown in the slide. All of them were negative. M. lepraemurium derived from mouse spleen or leproma also showed no dopa oxidation. Since M. leprae is a tissue-derived organisms, it should be compared with mycobacteria obtained from infected tissues. Cultivable mycobacteria separated from the tissues of feral armadillos were examined directly, or after growth in culture media. They also contained no diphenoloxidase activity, further confirming the uniqueness of the enzyme for M, leprae.
Since no other mycobacteria tested has oxidized dopa, the reaction serves as a rapid identification method for the leprosy bacilli. It can be done as a spot test or in test tubes. Using a purified suspension of the organisms, the oxidation can be visually detected within 15 minutes.
No faster proven identification test for M. leprae exists. The first armadillo to develop skin nodules after inoculation with M. leprae was the well known "armadillo number 8". Nobody at the time knew whether the lesions were caused by multiplication of the inoculated leprosy bacilli. Lepromin testing and the mouse footpad technique generally used are time-consuming procedures.
A skin biopsy specimen from the animal was brought to me. We purified the bacteria from the tissues and did the dopa reaction.
Within hours of receiving the biopsy material, I could announce that the skin nodule contained M. leprae which had multiplied in the armadillo.
A distinction has to be made between enzymatic and nonenzymatic oxidation (autooxidation) of dopa. Enzymatic oxidation of dopa by M. leprae can be observed in minutes. For up to 3 hours there is no autooxidation of the substrate. Any oxidation observed after prolonged incubation of dopa is not enzyme-mediated Enzymes are proteins which, as a rule, are denatured by heat. When M. leprae is heated, it no more shows diphenoloxidase, proving the enzymatic nature of the reaction. Also no activity will be detected if the tissue from which the bacteria are prepared has been exposed to warmer temperatures.
It is important to have controls using heat-killed bacteria. Some older mycobacterial cultures might stimulate nonenzymatic oxidation of dopa. This is mediated by metal ions adsorbed by the bacteria from the culture media. The reaction caused by the inorganic ions will not be abolished even after heating the organisms.
As mentioned earlier, diphenoloxidase of M. leprae is completely inactivated by heat.
I shall turn to another aspect of the problem.
Chelating agents like cyanide and penicillamine produce total inhibition of tyrosinase from plant and animal sources. However, these compounds have no effect on the enzyme in M, leprae.
The only compound which completely inhibits the reaction even in intact bacteria is diethyldithiocarbamate (DDC). DDC not only inhibits dopa oxidation but also the uptake of substrate by M. leprae. A molecular model of DDC is shown in the next slide. One can see that the ethyl groups of the molecule more or less shadow the sulfurs (the polar region). This enables the compound to pass through the lipid.
predominant pores of cell membranes easily. It may interest you to know that sulfone drugs are inhibitors of diphenoloxidase, but the drugs do not penetrate intact bacteria. As yet, there is no unequivocal evidence regarding the mechanism of action of sulfones on the leprosy bacteria, although there are some unfounded speculations about it.
I promised earlier that I would come back to the problem of hypopigmentation in leprosy.
To study the problem, we used cultures of melanocytes in an experiment.
In such a culture, one can observe aggregates of melanin granules. To this system, we added live bacteria recovered from biopsies of (lepromatous) skin nodules. The bacteria subsequently multiplied in the mouse footpad. The controls consisted of heat-killed M. leprae and bacteria recovered from the spleen of a dead lepromatous patient. M. leprae from the necropsy specimen did not multiply in the mouse footpad, indicating that it had lost its viability. The melanocyte cultrues to which dead bacteria were added showed no effect. leprae readily metabolizes catecholamines. Therefore, in lepromatous skin, there is an excess of phenolic substrates (dopa and catecholamines) available to the bacteria, from the melanocytes as well as the mast cells. As a result, there is no substrate depletion and pigment production by the melanocytes is not markedly affected.
Now I shall deal with some practical application of the findings. In the mouse footpad system, inhibitors of diphenoloxidase of M. leprae prevented growth of the bacteria. In this experiment, the drugs were injected directly into the footpads. The effect seems to be specific, since penicillamine, a toxic substrate, did not suppress the growth of M. leprae; it is an inhibitor of melanocyte tyrosinase, but has no effect on the bacterial enzyme.
Diphenoloxidase activity is probably essential for growth of M. leprae. As demonstrated earlier, dapsone is an inhibitor of the enzyme. But it does not penetrate intact M. leprae.
Permeability barrier is a major mechanism of drug resistance in microorganisms.
We have devised a method to overcome permeability barrier of the leprosy organisms. The peptide polylysine is known to interact with and pass through the lipid bilayers of cell membranes. We complexed dapsone with polylysine. where cells derived from the neural crest occur. These cells have the ability to hydroxylate tyrosine to dopa. The possible requirement of dopa for the growth of M. leprae, would explain the failure of attempts to culture the bacteria in vitro. Dopa is an unstable substrate; in vivo it is continually generated by the living cells. In vitro when dopa is added to culture media, it undergoes autooxidation. Another approach we tried was to grow M. leprae in vertebrate cell cultures. In this system, the cells grow faster than the bacteria, which get diluted out in subcultures.
The only cell culture which showed limited multiplication of the bacteria was human liposarcoma. These cells are known to have the enzyme tyrosine hydroxylase. For culturing M. leprae in vitro, a system is needed where dopa generated by living cells is continually available for utilization by the bacteria. Devising such a functional system remains a challenge.
In summary, we have demonstrated that diphenoloxidase is a unique property of Mycobacterium leprae.
It is used as a rapid identification test of the bacteria. The finding offers as explanation for the tissue-specificity of M. leprae in the host, as well as the failure of attempts to grow the organisms in vitro. Our original finding can form the basis for devising rational methods for the culture of the leprosy bacillus and more effective chemotherapy of the disease.
